Abstract-In order to allow the power flow control of gridconnected converters, this paper presents an improved scheme for grid fundamental frequency tracking. A comparison under frequency variation and time-varying harmonic and interharmonic condition is also discussed in order to show the method robustness. The scheme is based on a frequency-locked loop operating integrated with a decomposition core, which utilizes a recursive implementation of a modified Hanning filter. The frequency value information is used to perform the modulation and demodulation required to make de decomposition into the core. The compared frequency estimation scheme is based on a zero-crossing with an interpolation correction. Simulation results show that the proposed scheme is able to estimate the fundamental component, including relative quadrature companion signal and the frequency value more accurately and stably than the scheme used to perform the comparison.
I. INTRODUCTION
The growth in electricity demand has been, evidently, one of the main reasons for the expansion of electric power systems (EPSs) around the world [1] - [5] . Throughout the years, EPSs have become increasingly complex and more branched, feeding multiple types of loads, which drain power from the grid in more peculiar ways [6] . Characteristics often present in many of the current loads are the time-varying behavior and high nonlinearity, which are responsible for most causes of deterioration in power quality (PQ). Among these several issues, the presence of harmonics in voltage and current waveforms is a major fact [7] .
Examples of loads generating waveform distortion are flexible alternating current transmission systems (FACTs) devices, saturated magnetic core, arc furnaces, and variable frequency drives (VFDs) [8] . In the current state of the EPSs, sustainable energy sources have become increasingly important, and the integration of these energy sources to the main grid is done through power electronic interfaces. This is another major cause of harmonic distortions [9] . Indeed, grid interfacing equipment, such as voltage source inverters, could bring harmonic distortion into the voltage and current grid signals due to non-ideal characteristics [10] .
Adverse effects can result from harmonic distortion. For instance, one can cite the reduction in devices lifespan, erroneous operation of control circuits, interference with communication lines, and increased losses. These effects become even more important within the smart grids (SGs) scenario, where the operation of power processing converters must be performed in an integrated way through a real-time communication between control and protection elements [11] , [12] . Therefore, accurate and fast-tracking parameter estimation and reliable communication are key aspects for a SG [13] , [14] .
The efficiency of harmonic mitigation techniques depends on an accurate estimation of the fundamental component of the waveform signals [9] . These techniques are becoming indispensable, especially in the new context of SGs and its applications, such as the control of power converters.
A crucial aspect in the control of power converters connected to the network is the detection of the fundamental component of the voltage and either the fundamental frequency value or the phase angle [15] . The frequency estimation information is used for synchronization of the output variables of the converters, power flow calculation, among other purposes. Frequency information is also essential for the control of distributed generation systems, energy storage systems, FACTS [16] , power line conditioners, uninterruptible power supplies (UPS) [17] , frequency inverters, and other power conditioning equipment. Fig. 1 shows this multiple use of frequency estimation in various applications of the EPS. In all of these applications, frequency estimation must be done as quick and accurate as possible. This becomes quite challenging when EPS operates under harmonic distortion condition. Severe adverse conditions, such as the presence of sub-harmonics or a marked variation in frequency, may interfere significantly on the operation of conventional estimators. Therefore, a robust fundamental frequency estimation technique able to cope with the aforementioned PQ disturbances has fundamental importance.
Many of the algorithms used to estimate the frequency value of EPSs are based on the assumption that the fundamental frequency is practically constant or that it experiences small variations, especially those based on the fast fourier transform (FFT) [18] . This premise has become increasingly far from reality as new sources with intermittent features are incorporated into the grid. For instance, the frequency of a distribution network can fast change during transient events, becoming challenging to accurately track [19] . Thus, the constant or nearly constant frequency model is no longer appropriate for the current state.
On account of that, this paper presents the implementation and comparison between two fundamental frequency estimation schemes. The initial stage for both schemes is the same and consists of a recursive implementation of a modified version of the Hanning filter [20] . The second part is responsible for providing the frequency value information and on this point the contribution of this work relies. While [20] uses a zero-crossing, here the use of a frequency-locked loop (FLL) seems to be more attractive in terms of stability and inter-harmonics immunity. In order to perform the comparison, a first scheme is implemented based on zero-crossing with a linear interpolation correction to improve the precision [21] . A second one is the proposed scheme, and it is based on the adaptive quadratic signals generator -phase locked loop (AQSG-PLL) [15] . This paper is organized as follows. Section II describes the recursive implementation of the modified version of the Hanning filter, the fundamental frequency estimators models and the proposed use of the FLL algorithm (AQSG-PLL) to make the system suitable to operates in time-varying distorted conditions and its discretization. Section III presents simulation tests and validation results. Finally, Section IV concludes with some remarks.
II. MODELING DESCRIPTION OF THE SCHEME PARTS
A. Decomposition core based on a recursive modified Hanning filter This is the first part of both schemes in the comparative study and it can be seen in Fig. 2 . In this scheme, L is the length of the moving average filter (M AF ) in samples, implemented in its recursive form [22] . In the H 2 block, θ = 2π/L, b 0 = cos(θ), a 0 = 1 − b 0 , and 0 < r < 1 is the quantity responsible to locate the poles of the H 2 transfer function out of the unit circle to inward. This allows the canceling of the first harmonic component with a length L of just one fundamental cycle. A more detailed description is presented in [20] .
The input single-phase signal S in [n] is connected to the input on the scheme (see extreme left of Fig. 2) . Then, the signal is modulated in sine and cosine components using the fundamental frequency information (f 0 ) provided by the frequency estimation method (AQSG-PLL or zero-crossing in this work). The blocks M AF and H 2 in series are the implementation of the modified version of the Hanning filter in its recursive form [20] . After this filtering stage, which removes virtually all harmonics and attenuates inter-harmonics, both components sine and cosine of the signal are submitted to the demodulation step to recover the original fundamental frequency spectrum. Finally, signals are summed to generate the fundamental component of the input signal.
This part of the scheme is responsible for delivering a reconstructed version of the fundamental component of the input signal S in [n]. Moreover, in order to do that with precision it needs an accurate value of the fundamental frequency applied to the modulators and demodulators. For this reason, the next part is dedicated to accomplish this task.
B. Zero-Crossing with linear interpolation correction
This scheme [21] is composed of a simple zero-crossing detector followed by an interpolation correction stage performed to improve the accuracy of the estimation (Fig. 3) . This interpolation stage estimates the exact moment of the signal crossing between the two samples, x c [n − 1] immediately before and x c [n] after the zero-crossing. From the sampling period T s it is possible to deduct the periods N a and N b in
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C. AQSG-PLL: Continuous-time modeling
Common solutions for the task of tracking the fundamental component of the EPS signals, which are to a certain extent insensitive to frequency variations, consist of the use of phaselocked loop (PLL) structures [23] . Most of these structures deliver the fundamental component voltage of the system either in normalized or scaled version. Besides, the estimation of the phase angle and the value of the fundamental frequency is delivered. One of the most used PLL is the three-phase PLL based on the synchronous reference frame (SRF) [23] - [25] .
Although the SRF scheme was originally designed for threephase systems, several authors have directed the principle to single-phase cases [26] , [27] . For this, the single phase system is considered as a balanced three-phase system, where the α-component (from the Clarke's transform) is represented by the single-phase voltage of the network, while the β-component (or quadrature companion signal -QCG) is synthesized using several approaches [28] , [29] . Thus, these two quadrature signals are equivalent to a "virtual" or an "emulated" three-phase system, in a fixed-frame representation to which the same ideas developed for three-phase SRF-PLLs can be directly applied [15] .
The proposed single-phase frequency estimation scheme is based on AQSG-PLL [15] . The AQSG-PLL is composed of three main blocks, the adaptive quadrature signals generator (AQSG), the fundamental frequency estimator (FFE), and the quadrature companion generator (QCG). These blocks are shown in Fig. 4 and described by the set of equations AQSG:
means the time derivative of the variable x(t), andx is the estimation of x(t). Also, ψ = 0 v β ω0 , where 0 represents the nominal value of the fundamental angular frequency, that is a positive constant. This constant can be a simple approximation of the angular frequency ω 0 , and v β is the quadrature companion signal of v α . The variable
is the square of the real frequency ω 0 scaled by 0 . In Eq. (3),Ω 0 is the estimation of Ω 0 ,ψ 1 andv α,1 are fundamental component estimations of v α and ψ, whilev α,1 is the fundamental component estimation time derivative of the input v α , andṽ α,1 = v α −v α,1 is defined as an error between the input signal v α and its fundamental component estimationv α,1 .
The variableψ 1 is the fundamental component estimation time derivative of ψ, andv β,1 is the estimation of the fundamental component of the quadrature companion signal v β , and γ 1 > 0 is a design parameter used to introduce a damping required by the model. Finally, λ is a design parameter known as adaption gain.
D. Discretization of AQSG-PLL
In order to implement the system on a digital platform, using either DSPs or FPGAs, transformations from continuous time domain (s) to the discrete time domain (z) are needed. The three integrators 1 s must be transformed. The AdamsBashforth rule
was applied to integrator A in Fig. 4 . The trapezoidal integration rule, described as
was adopted to the integrators B and C. This strategy was planned in order to avoid the "algebraic loops" in the discrete system through the application of an explicit integration method.
E. Proposed fundamental component frequency estimation scheme
The proposal of this work is to couple the AQSG-PLL frequency estimator to the decomposition core described in subsection II-A. In that way, the output of the decomposition core is tied to the input of AQSG-PLL, providing a reliable fundamental component approximation, while the AQSG-PLL uses this approximation to calculate the frequency value and the quadratic companion signal as well. 
III. SIMULATION TESTS AND RESULTS
In order to show the robustness of the proposed scheme, signals containing several disturbances were applied to the system. For the sake of simplicity, one of them is shown in this paper. Disturbances include time-varying harmonics and interharmonics, variation in the fundamental frequency and amplitude. All tests were performed on MATLAB environment. In all tests AQSG-PLL performed better than zero-crossing.
A sampling frequency of 7.68 kHz was used, which corresponds to 128 samples per cycle in a nominal f 0 = 60 Hz fundamental signal. The nominal amplitude was 180 V. The AQSG-PLL parameters γ 1 and λ were set to 300 and 2.22 according to [15] .
A signal with harmonic, inter-harmonic and frequency variation content was generated as
and
where
φ k = 0 rad, and k ∈ {0, 1, 2, 3} .
Fig. 5 depicts the estimation process using AQSG-PLL approach, while Fig. 6 shows the same using zero-crossing. At t = 8.33 s, the fundamental frequency of the input signal suffers a step change from 60 Hz to 61 Hz, and both harmonic and inter-harmonic components disappear at the same moment.
Comparing both results, one can note that, from the instant of change (8.33 s), the frequency estimation provided by AQSG-PLL oscillates much less than the estimation provided by zero-crossing. After T = 8.42 s AQSG-PLL estimation becomes stable, while zero-crossing is still bouncing until t = 9.6 s, failing during several cycles after the change. Moreover, the zero-crossing overshot is higher than the one caused by AQSG-PLL estimation.
IV. CONCLUSION
The improvement resulted from the insertion of the frequency-locked loop frequency tracking method (AQSG-PLL) proposed in this work, as shown in the results, provided very accurate response to the fundamental component frequency estimation. In addition to the frequency value, the scheme using the AQSG-PLL can deliver an estimation of both fundamental component and quadrature companion signal of the input signal, having a slightly higher complexity when compared to the zero-crossing method, which can deliver only the frequency value.
Once the natural behavior of the zero-crossing estimation is to update the estimation value every cycle of the signal, it leads to a waveform shape in which one can observe discontinuities in step-form. This does not happen with AQSG-PLL, which presents a smooth-tracking behavior ideal to work cooperatively with the modified Hanning filter based decomposition core. 
